measurements showed important additional artifacts, some transient, such as those produced by movements of the subject or the connecting tubing, others more permanent, such as those introduced by gravity or by changes in temperature and barometric pressure in systems sensitive to such influences. There was also the practical problem of setting up a reliable drift-free automatic device to record long-term measurements over days or weeks without attendance.
The first and second shortcomings were recognized by Lagergren in 1937 when he reviewed all the techniques for cerebrospinal fluid pressure measurement up to that time and described his own continuously-recording optical manomenter system. 3 Further technical improvements were provided by Guillaume and Janny, who in 1951 devised a magnetic pressure transducer and optical recorder system and made a series of original observations on continuously-recorded human intraventricular pressure. 1 Since 1960, a variety of relatively sensitive, low-displacement electromanometers have become commercially available. These, when coupled with the increasingly available laboratory oscillographs, have minimized the problems of fluid displacement, sensitivity, and adequate amplification, and were summarized by Lundberg. 4 Verdura, et al., ~ have recently reported a useful experimental modification for animals with small ventricles in which silicone-rubber catheters were placed in the subarachnoid space anterior to the upper cervical spinal cord and medulla of dogs and then connected to the external transducer.
To overcome blockage and thus make the measuring system independent of the patency of subarachnoid or ventricular spaces, Rothballer 6 discarded open catheters and used a very small (50 to ~00 t~l capacity) intracranial balloon of polyethylene or latex. It was placed in the subdural space and con-603 nected to an especially low displacement extracranial transducer* by means of fluidfilled tubing. This system proved suitable for long-term measurements in both m a n and animals if it remained absolutely leak-free, b u t was still subject to some m o v e m e n t and gravity artifacts.
5lore recently, H u l m e and Cooper s have reported the development of a special pressure transducer fixed to a stainless-steel support screwed into the edges of a burr hole. Also, N u m o t o , et al., 5 have described a small intracranial switch device which consists of a 9-ram diameter silastic envelope enclosing two gold electrodes and the poles of a simple switch, connected externally by wires passing through polyvinyl tubing. The internal pressure introduced via the tubing is just sufficient to separate the contacts, thus opening the switch; this is taken as equal to the external (intracranial) pressure. This nlethod measures discontinuously and does not record. Both of these last two methods require a separate surgical operation for the removal of the measuring device.
Thus, although the problems of fluid displacement, leakage, insufficient amplification, and certain artifacts have been separately overcome, there is still no one device embodying all such features, which at the same time is small, removable without separate operation, and capable of continuous, unsupervised measurement and recording. I t seemed to us that if the pressure transducer itself could be sufficiently miniaturized to be placed intracranially and connected externally through wires to a continuous recorder, these problems might be eliminated. T h e following is a description of such a device.
Materials and M e t h o d
Transducer. We have adapted for intracranial pressure measurement a capsule pressure transducer originally developed industrially~ for studying the pressure changes at the leading edges of helicopter blades. I t consists of a hollow beryllium-copper disc 0.5 m m thick, 6.35 m m in diameter, and weighing 0.14 gm (Fig. 1) sq in. T h e internal sensing element is a special four-arm bridge, bonded-foil strain gauge. The gauge is designed to take maximunl a d v a n t a g e of the strain imposed upon the diaphragm, with two arms of the bridge in compression and the other two arms in tension. T w o lead wires enter and leave through a supported neck; for intracranial use, the transducer and adjacent leads are coated with silastic rubber. When the thin diaphragm is subjected to an external pressure (or vacuum), the transducer measures absolute pressure in the range between 26 to 35 inches of m e r c u r y (8,970 to 12,075 m m of water), with a reserve capacity of withstanding 23 to 38 inches of mercury (7,935 to 13,110 m m of water) without damage to the instrument. This is adequate for measuring intracranial pressure, since the extremes of barometric pressure recorded (in the New York City area) lie between 28.37 and 31.06 inches of mercury (9,787.65 to 10,715.70 m m of water). Thus, the transducer can respond to an additional 1,973.1 m m of water above the highest barometric pressure likely to be encountered. I t is unlikely that the intracranial pressure will reach, much less exceed, this value. T h e specifications are listed in Table 1 .
The power supply and control box designed for the S t a t h a m pressure transducer (Fig. 3 ) to step t h e i n p u t v o l t a g e to t h e t r a n s d u c e r d o w n to 3V D C . T h e l a t t e r c i r c u i t also allowed for zero suppression.
T h e zero s u p p r e s s i o n was n e c e s s a r y because the t r a n s d u c e r is d e s i g n e d to respond to a b s o l u t e pressure.
T h u s , it has no o u t p u t a t zero pressure ( a b s o l u t e ) , b u t w i t h 3V exc i t a t i o n , p u t s o u t 4,050 m V a t 15 p o u n d s per s q u a r e inch (psi) p r e s s u r e ( s t a n d a r d a t m ospheric pressure). W i t h t h e a p p l i c a t i o n to
the t r a n s d u c e r of 100 m m of w a t e r (0.144 psi) in a d d i t i o n to the s t a n d a r d a t m o s p h e r i c pressure, the o u t p u t w o u l d be 4.090 mV. W i t h t h e a d d i t i o n of a n o t h e r 100 m m of w a t e r pressure a t a t o t a l of 15.~88 psi, t h e o u t p u t of t h e t r a n s d u c e r w o u l d be 4.130 mV. To resolve these small changes, it is p r e f e r a b l e to ignore the o u t p u t r e s u l t i n g f r o m t h e a t m ospheric pressure a n d to r e c o r d o n l y t h e o u t p u t r e p r e s e n t i n g t h e p r e s s u r e b e y o n d a t m ospheric, in this case i n t r a c r a n i a l pressure, wlth a w o r k i n g range of f r o m 30 to 1,000 m m of w a t e r a b o v e a t m o s p h e r i c pressure.
T h i s is a c c o m p l i s h e d b y t h e zero suppression circuit, which sets t h e zero baseline of t h e record a t the o u t p u t of t h e t r a n s d u c e r (4.05 mV) r e s u l t i n g f r o m t h e s t a n d a r d a tm o s p h e r i c pressure. T h e o u t p u t of t h e t r a n sd u c e r under these c o n d i t i o n s a n d a t 3V act i v a t i o n is 4.0 gV p e r c e n t i m e t e r of a p p l i e d w a t e r pressure.
Recorder. T h e i n p u t can be c o n v e n i e n t l y 
The potentiometer recorder operates by matching its input (the transducer's output) or signal voltage with a counter-voltage to reduce the current flow in the recorder bridge to zero. This matching voltage is simultaneously displayed on the recording device and constitutes the output. Thus, the only continuous reference used is the zero current flow, which is invariable and without drift or change. Moreover, the operating voltages are checked briefly against a standard cell at 40-rain intervals, thus insuring accuracy of calibration. The only signal requiring amplification is the error signal, the difference between the input voltage and the countervoltage, which is then rapidly corrected towards zero. Thus, DC amplification, with all its attendant problems, is not required. The net effect is a recording instrument essentially without drift and with a very small base-line sway. It is highly accurate with negligible variations in gain, and it is designed to operate continuously.
Biological scientists are most apt to be familiar with oscillographs, such as those used in EEG recordings. Coupled with AC amplifiers, they have a good frequency response, with little attenuation at frequencies of 30 cycles per sec or even higher but with marked attenuation at slower frequencies and no response to steady DC potentials. The Speedomax (with a 1-sec full-scale response time) has the opposite properties, in that it faithfully records very slow frequencies and DC potentials, but shows progressive attenuation of faster frequencies (almost 50% for frequencies as low as 1 cps). Thus the amplitude of physiological waves at this frequency (the pulse, for example) is appreciably reduced, and the wave form distorted. On the other hand, respiratory variations, occurring at 0.~5 to 0.5 cps, are reproduced with only a 5% or less attenuation. The over-all damping and phase lag introduced by the various components of the system is considerable at faster frequencies (greater than 1 cps) but has not been measured. Since the primary purpose of the apparatus is to measure slow fluctuations in the mean intracranial pressure over hours or days, these limitations are of little consequence, or are even somewhat advantageous, since the mean pressure is emphasized over rapid transients.
Animal Experiments. When the transducer was used experimentally in cats, they were anesthetized with intraperitoneal Dialurethane; this provided long-lasting, stable anesthesia. With small supplements at 1-or ~-day intervals, it was possible to keep them in good condition and continuously anesthetized for up to 5 days. The animal's temperature was maintained between 38 ~ and 38.5 ~ C by a thermostatic control unit activated by a rectal thermister and controlling a heat lamp. A catheter was placed in the bladder for removal of urine, and the animal was kept in fluid balance with parenteral solutions.
To position the transducer in the subdural space over one cerebral hemisphere, the scalp was incised just medial to the ear, a small trephine opening made in the underlying calvarium, the dura cut, the transducer slipped forward into the subdural space under intact bone, and the opening closed with dental cement. letting it hang in air in an air-conditioned closed room where the temperature was thermostatically controlled. This was done five times for a period of from ~4 to 7~ hours; the base line showed no change other than a variation that could be closely correlated with the changes in barometric pressure. Because of the relatively low voltage level of the transducer output signal applied to the recorder, careful grounding was necessary in the presence of significant electrical interference.
Results

In
The transducer was then immersed in room-temperature water at varying depths for pressure calibration and stability determinations under pressure, including continuous immersion for periods up to 5 days. The pressures tested ranged from 5 to ~00 mm of water. Under standard conditions, there was a response of 0.4 chart division (full scale: 100 divisions, representing 1.0 mV) per centimeter of water-impressed pressure, representing a transducer output signal of 4 ~zV for each centimeter of water pressure.
The silastic coating kept the entire transducer and lead wires watertight even after prolonged immersion. Within 1 to ~ months, however, depending upon the amount of use, the silastic coating frequently began to leak, producing short circuits between the lead wires. Electrical integrity was restored by recoating the unit, which the manufacturer has been very cooperative in doing. We find that recoating changes the transducer's characteristics somewhat, however, due in all likelihood to variations in the thickness of the silastic layer covering the transducer diaphragm. A too-thick coat, in particular, will reduce the unit's sensitivity and produce lagging of the response (hysteresis) to changes in pressure. We are in the process of testing the transducer with no coating over the diaphragm.
The transducer is temperature-sensitive; a I~ rise of the transducer temperature produced a fail of 1 mm of the recording pen.
In Vivo Observations. In seven anesthetized cats, the intracranial pressure was determined successfully over periods of 3 to 5 days with the capsule transducer. With 4 tzV of output indicating 10 mm of water pressure, the intracranial pressures of these animals varied from 60 to 130 mm of water at s hours after the transducer had been inserted.
By this time, the pressure inside the cat's head was presumed to have returned to normal.
We found that in two animals the intracranial pressure varied closely with body temperature, while in the other five animals, no such relationship was apparent. Variations were observed in three animals as great as 100% of the initial pressure, occurring in the form of "spontaneous" waves, 30 rain to ~ hours in duration. As far as we were able to determine, they were not related to temperature (either of the animal or the external environment), depth of anesthesia, respiratory obstruction, or to activity of the animal. This is being investigated further.
Two animals were allowed to undergo dehydration by withholding the administration of fluid for the entire 5-day period (one died in 4 days). These animals showed no significant decrease in intracranial pressure until a few hours before death.
This system has been adapted for chronic implantation by attaching a miniature connecting plug to the end of the connectin~ wire. The transducer was placed in the subdural space under aseptic conditions and the opening then sealed with dental cement. The lead wires were tunneled underneath the skin of the neck and the connecting plug brought out on the surface of the skin between the shoulder blades. After the animal recovered from anesthesia, it was possible to connect the transducer to the Speedomax for intermittent or continuous recording over periods up to 3 hours.
Discussion
We found that the capsule pressure transducer was adequately sensitive, 10 cm of water pressure being equal to four divisions (6.6 ml) deflection on our recorder paper. The entire apparatus, including the recorder, is sturdy and simple to set up and handle. The transducer is a completely enclosed system and produces much less artifact than the catheter-transducer or balloon-transducer system, lacking leakage, tubing movement artifacts, gravity artifact, blockage at the end of the catheter, and kinking of the tubing or catheter. It is quite suitable for use with a recorder with a slow paper speed. Its small size permits positioning of the transducer within the calvarium or even within the sub-stance of the brain. Its size and lack of leakage should make it an especially safe pressure-recording device for prolonged implantation in human eraniotomy wounds for postoperative observation of intracranial pressure, and it can be removed without reopening the wound.
It has certain disadvantages. It is expensive. There is still limited experience with this device. It is temperature-sensitive; however, the error produced is small. It must also be corrected for barometric pressure, but this may be considered an advantage, for the device measures the total or absolute intracranial pressure, opening new areas for consideration. Since atmospheric barometric pressure in this region of the country can vary over a range of 900 ml of water, it is quite possible that high magnitude variations of this physical parameter can affect the net intracranial pressure, particularly if a patient's capacity to equilibrate with ambient pressure is retarded and his ability to accommodate to a small change in intracranial pressure is already marginal.
A patient with a markedly elevated intracranial pressure due to severe traumatic cerebral edema could serve as an example. Such a patient may have just enough blood flow to irrigate vital areas of the brain with oxygenated blood, the blood pressure being opposed by an elevated intracranial pressure. If there ensued a sudden fall in barometric pressure of 89 inch of mercury, this would be equivalent, as far as the relationship between blood pressure and intracranial pressure is concerned, to an increase in the intracranial pressure of 17~.5 ml of water. This situation would continue until the gas pressure within the brain was equilibrated to that in the rest of the body and the blood.
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This relative increase in intracranial pressure could cause a further diminution of blood flow to a point below that needed to maintain these vital areas of the brain. A similar situation would be produced by taking this patient to a higher altitude, as in an airplane.
Summary
A new method is presented for prolonged measurement and recording of intracranial pressure. It involves the use of a miniature strain gauge small enough to be placed intracranially and connected externally by lead wires to a potentiometer recorder. The method offers certain advantages over previous methods, particularly regarding stability, convenience, and freedom from artifact even over long periods of time.
